Congenital aortic valve stenosis (AVS), coarctation of the aorta (COA) and hypoplastic left heart syndrome (HLHS) are congenital cardiovascular malformations that all involve the left ventricular outflow tract (LVOT). They are presumably caused by a similar developmental mechanism involving the developing endothelium. The exact etiology for most LVOT malformations is unknown, but a strong genetic component has been established. We demonstrate here that mutations in the gene NOTCH1, coding for a receptor in a developmentally important signaling pathway, are found across the spectrum of LVOT defects. We identify two specific mutations that reduce ligand (JAGGED1) induced NOTCH1 signaling. One of these mutations perturbs the S1 cleavage of the receptor in the Golgi. These findings suggest that the levels of NOTCH1 signaling are tightly regulated during cardiovascular development, and that relatively minor alterations may promote LVOT defects. These results also establish for the first time that AVS, COA and HLHS can share a common pathogenetic mechanism at the molecular level, explaining observations of these defects cooccurring within families.
INTRODUCTION
Aortic valve stenosis (AVS), coarctation of the aorta (COA), and hypoplastic left heart syndrome (HLHS) are congenital defects that constitute a clinically important group of cardiovascular malformations (CVMs) termed left ventricular outflow tract (LVOT) malformations. Together, LVOT malformations occur at a rate of 1/1000 live births (1 -3) . They account for a significant proportion of infant mortality and incur considerable financial burden (4, 5) . A presumed, although unproven, unifying pathogenesis for these malformations is a defect in the developing endothelium or endocardium that leads to subsequent blood flow obstruction and secondary effects.
Both environmental and genetic etiologies have been implicated in the development of LVOT defects. Prenatal exposure to solvents (3) or high phenylalanine (secondary to maternal phenylketonuria) (6) is associated with higher rates of these defects. Epidemiology studies have demonstrated rate differentials by sex, ethnicity and geography (2, 3) . These and other studies (7, 8) have documented a high concordance for LVOT malformations among families with multiple CVMs, although not necessarily of the identical LVOT defect within the family. Our group and others (9, 10) have also noted a much higher rate (5.5) of bicuspid aortic valve (BAV) among families with LVOT malformations compared to the general population, suggesting BAV may be a forme fruste of the more serious LVOT malformations.
We have previously demonstrated a strong genetic component for the LVOT malformations (11) , with estimated sibling recurrence rates .30. Formal inheritance analyses are consistent with a complex genetic inheritance involving from one to six loci. These analyses also suggested an autosomal dominant inheritance with reduced penetrance may operate in some families.
Recently, two families were described with calcific aortic valve disease, usually in the context of a BAV, that had mutations in the NOTCH1 gene (12) . One family had a member affected with mitral valve atresia, double outlet right ventricle and hypoplastic left ventricle, which could represent a variant of HLHS. Two subsequent studies have also found missense NOTCH1 mutations in sporadic cases of BAV (13, 14) .
Notch is a highly conserved local signaling pathway involved in multiple developmental processes (15) . NOTCH1 (NCBI GeneID 4851) encodes a large, single-pass transmembrane receptor with 36 EGF-like repeats and three NOTCH/ Lin repeats in the extracellular domain and an intracellular transactivating domain containing six ankyrin repeats. The receptor is cleaved in the Golgi (S1 cleavage) prior to being presented on the cell surface as a heterodimer of the extracellular domain with the transmembrane and intracellular domains (16) . Multiple ligands (Jagged, Delta) interact with the Notch receptor, triggering two additional cleavage reactions, releasing the intracellular domain. This intracellular domain translocates to the nucleus, where it interacts with the CSL DNA binding protein (CBF1) to activate numerous transcription factor genes, particularly of the Hairy -Enhancer of Split family.
Given the above evidence for overlap between BAV and LVOT malformations, along with the identification of NOTCH1 mutations in familial and sporadic BAV patients, we hypothesized that NOTCH1 mutations may be implicated in AVS, COA, and HLHS as well. We identified novel missense NOTCH1 alleles that are associated with LVOT malformations. At least two of these alleles reduce the levels of JAGGED1-induced NOTCH1 activity in cell-culture assays, and one of these perturbs the S1 cleavage of the receptor. These results support a common genetic etiology for LVOT malformations across the phenotypic spectrum, and suggest that relatively minor alterations in NOTCH1 activity may predispose individuals to develop these cardiac defects.
RESULTS

NOTCH1 mutation analysis in patients with LVOT defects identifies novel missense variants
We collected a cohort of 91 unrelated European American subjects with LVOT malformations, diagnosed by echocardiography, cardiac catheterization and/or surgical observation. Subject genomic DNA was screened for mutations in NOTCH1. Eight different missense variants, six of them novel, were identified (Table 1 and Fig. 1A ). Mutations were found across all phenotypes (AVS, 8/37; BAV, 1/5; COA, 2/35; HLHS, 3/14). One variant (G661S) was found in all three LVOT defects (AVS, COA and HLHS), as well as in a patient with BAV. There does not appear to be an obvious genotype -phenotype correlation, but all individuals with COA who have a NOTCH1 mutation also have a BAV. One additional change, G1476S, was observed among the controls but was not present in any of the cases. The proportion of missense mutations among the cases (14/91; 15.4%) versus the controls (8/208; 3.9%) was significantly increased (x 2 ¼ 12.36, 1 d.f.; P , 0.001). The parents of those cases with missense variants were directly sequenced, and in all cases the same mutations were identified in one parent. Echocardiography data were available for 8/28 parents, none of whom had any abnormalities.
Four novel mutations (A683T, E694K, R1608H and V2536I) were not observed in more than 200 ethnically matched controls. The G661S mutation was found in one control, but it is significantly over-represented among the cases (Fisher's exact P ¼ 0.028). These mutations are likely to represent disease susceptibility alleles. Three additional alleles are likely to represent polymorphisms. The R1279H allele was observed in three patients and four controls. The A1343V mutation, observed here in one case and one control, has been previously described in 1/48 individuals with BAV and thoracic aortic aneurysm, but was not seen among 122 normal controls (13) . Combining our study with that of McKellar et al. (13) , the frequencies of this mutation in cases is 2/161 versus 1/329 controls (Fisher's exact P ¼ 0.25). The R1350L variant, seen here in one case and one control, has also been found previously in one case and one control.
Missense variants occurred across NOTCH1, a gene that in general is highly conserved. Some evidence of clustering appears with three variants in EGF repeats 17 and 18 and three variants among repeats 33 through 35 (Fig. 1B) . Sequence comparison was made across nine species (chimp, rhesus macaque, mouse, dog, cow, chicken, zebrafish and Drosophila against human) to assess evolutionary conservation of the discovered variants (Fig. 1C) . The variants G661S, A683T, R1279H and A1343V lie in EGF-like domains and exhibit high sequence conservation. While position 1608 also demonstrates high conservation, it is outside any specific protein domain in the extracellular region. Variants E694K, R1350L, A2331T and V2536I were not well conserved. The substituted amino acid noted here for positions 694, 2331 and 2536 was found at the corresponding location in at least one other species, indicating the change could be well tolerated.
LVOT-associated missense variants reduce JAGGED1-induced NOTCH1 signaling
Although missense mutations in NOTCH1 have previously been described in patients with BAV (13, 14) , no functional analysis of any NOTCH1 allele associated with cardiac disease has been described. We focused on likely disease susceptibility mutations that affect highly conserved amino acids and that were identified in more than one subject (G661S and A683T). Our analysis also included the A1343V mutation, which has previously been described as a disease-associated allele (although it was identified in a single control individual in this study, it likely represents a polymorphism). Finally, we assessed the effects of the R1279H variant. This variant affects a highly conserved amino acid in the extracellular EGF repeats of the receptor, and was found in multiple subjects, but as it was also identified in multiple control individuals it is likely to represent a polymorphism, and thus would not be predicted to affect protein activity. Equivalent mutations were introduced into a construct encoding rat NOTCH1 to assess whether the alleles associated with LVOT malformations A1343V or NOTCH1 R1279H , indicating that these alleles are unlikely to cause leaky activation in the absence of activating ligand ( Fig. 2A) .
To assess ligand-induced NOTCH1 activity, cells expressing NOTCH1 and the CBF luciferase reporter were co-cultured with control Ltk-mouse fibroblasts (hereafter referred to as L-cells) or with L-cells constitutively expressing JAGGED1 ligand. The fold induction of NOTCH1-dependent signaling induced by JAGGED1 was compared between wildtype NOTCH1 and mutant NOTCH1 (Fig. 2B) . The closely spaced mutations in EGF repeats 17 and 18 (G661S and A683T), which we propose to be disease-associated alleles, each significantly reduce the induction of NOTCH1 by JAGGED1 compared to that seen with wild-type NOTCH1 (to 66.7% of control levels of induction for NOTCH1 G661S (P , 0.05) and to 55.2% of control levels of induction for NOTCH1 A683T (P , 0.01). In contrast, the NOTCH1 R1279H and NOTCH1 A1343V variants, which were identified at similar rates in controls and patients, do not significantly change the level of JAGGED1-induced activation induced, supporting the idea that they represent naturally occurring polymorphisms of NOTCH1.
The NOTCH1
A683T variant perturbs S1 cleavage of the NOTCH1 receptor One possible explanation for the reduction in Notch1 signaling observed in the NOTCH1 G661S and NOTCH1 A683T variants would be that the amino acid substitutions decrease either the expression level or the stability of the mutant proteins. If this is the case, we would expect to see a reduction in the total amount of protein expressed after transfection with vectors encoding NOTCH1 G661S and NOTCH1 A683T compared to vectors encoding wild-type NOTCH1, NOTCH1 R1279H or NOTCH1 A1343V . To address this question, we introduced these mutations into a vector encoding an N-terminally HA-tagged NOTCH1 receptor and assessed protein expression levels in transfected cells. As expected, we observe both a p300 and a p180 form of NOTCH1 using an antibody directed against a tag at the N-terminus. The p180 band represents NOTCH1 that has undergone S1 cleavage in the Golgi, while the p300 band is presumed to represent full-length NOTCH1. In cells expressing wild-type NOTCH1, we see robust levels of both the uncleaved p300 form of the receptor and the S1 cleaved p180 form of the receptor. We observe that total NOTCH1 G661S and NOTCH1
A683T proteins (p300 þ p180) are observed at similar levels to wild-type, thus the reduction in JAGGED1-induced signaling through these mutant proteins is unlikely to be due to a simple reduction in receptor expression or stability ( Fig. 3A and data not shown) .
The relative amounts of p300 and p180 NOTCH1 in the cell reflect the efficiency of S1 cleavage of the protein in the Golgi before presentation on the cell surface. The S1 cleavage is generally considered as a prerequisite for ligand-induced, CBF1-mediated Notch signaling (16, 18) . Thus, one possible mechanism to reduce ligand-induced NOTCH1 signaling would to reduce the efficiency of S1 processing. In western blot analysis of the LVOT-associated mutations, we noted that some variants appear to exhibit a reduction in the ratio of p180 to p300, suggesting a possible reduction in S1 cleavage. To address this question, the amount of protein in the p300 and p180 bands was quantified in at least four independent experiments, and the percentage of total NOTCH1 protein that has undergone S1 cleavage was calculated. We find that the NOTCH1 A683T variant significantly reduces the percentage of total NOTCH1 protein that undergoes S1 cleavage (from 44.5% in wild-type NOTCH1 to 33.4% in NOTCH1 A683T P , 0.01). Thus, this mutation affects both protein processing and NOTCH1 signaling, and the reduction in cleavage efficiency may play a role in the decrease in JAGGED1-induced signaling.
DISCUSSION
We identified eight missense mutations, six of them novel, in patients with sporadic LVOT malformations. Of these, five were either completely absent or were under-represented in over 200 ethnically matched controls, suggesting they may be disease predisposition alleles. The frequency of mutations in our cohort (15.4%) exceeds that reported previously in 
2%). G661S
, which is present in one control but over-represented among the cases, also involves a conserved site and demonstrates functional change. The addition of that variant would increase the frequency to 6/91 (6.6%). The reason for the higher rate of missense changes in our group is unknown, and may be due to chance. Screening of a larger cohort will be required to better define the frequency of NOTCH1 mutations among individuals with LVOT defects. A possible limitation of this study is the absence of echocardiography screening of the control group. While all controls are healthy without evidence of heart defects, there is a 1 -2% possibility of asymptomatic BAV in this group (19 -22) . This could result in mutation ascertainment bias in the controls, causing a false negative result for specific mutations. We would estimate this rate to be very low, i.e. [rate of BAV in controls (0.02)] Â [rate of mutation among individuals with BAV (0.04)]¼rate of mutations in control group (0.0008).
We show in this study that mutations in NOTCH1 that alter function of the signaling pathway are found in individuals with AVS, COA and HLHS. The presumed common pathogenetic cause for LVOT defects is underscored by the finding that one variant (G661S) was found in all three LVOT defects (AVS, COA and HLHS), as well as in a patient with BAV. Interestingly, the previously reported R1108X mutation also caused a spectrum of LVOT phenotypes, including aortic valve disease and an individual with mitral valve atresia, double outlet right ventricle and hypoplastic left ventricle (a possible variation of HLHS) (12) . These findings support the hypothesis that a wide spectrum of LVOT defects are developmentally related, and a single genetic defect can underlie diverse phenotypic outcomes. This is reminiscent of findings that mutations in NKX2 -5 are observed in rare patients with non-syndromic LVOT defects, although functional studies of the identified mutation demonstrated minor effects (23) (24) (25) . Taken together, these results support the suggestion that LVOT defects have a common developmental cause, and are governed by complex genetic inheritance.
We note that while G661S significantly decreases ligand induced signaling compared to wild-type, and R1279H does not have a statistically significant effect, the comparison between G661S and R1279 does not suggest a large difference in activity between these two mutants. The experiments reported here were specifically designed to allow comparison of the variant proteins to the wild-type control, thus future analyses will be required to determine whether G661S and R1279H actually have significantly different activities or whether there may be a subtle alteration in ligand-induced signaling through R1279H.
Our results indicate that LVOT-associated mutations reduce ligand-activated NOTCH1 signaling. This is consistent with two NOTCH1 mutations found previously to cause familial calcific aortic valve disease (R1108X and H1505del) which are proposed to be null mutations, as they truncate the protein in the extracellular domain (12) . These findings suggest that familial aortic valve disease can be caused by haploinsufficiency for the NOTCH1 receptor. The reduction of ligand-induced signaling observed through the NOTCH1 G661S and NOTCH1 A683T variants would support a similar model for the spectrum of non-syndromic LVOT defects, namely that Notch signaling levels must be tightly regulated and that relatively minor alterations in Notch1 activity levels may promote LVOT defects.
The molecular mechanisms by which these mutations affect NOTCH1 activation are, as yet, unclear. NOTCH1 mutations observed in leukemia have been shown to increase ligand-independent NOTCH1 activation by promoting S2 and S3 cleavage (26) . In contrast, in this system where liganddependent activation is reduced, we observe a reduction in HA-NOTCH1 bands are observed at 300 and 180 kDa, representing full-length (p300) and S1 cleaved (p180) NOTCH1 receptor. All proteins are expressed robustly, and to similar levels as seen in wild-type. (B) The levels of p300 and p180 Notch1 proteins were quantitated in western blots, demonstrating that the NOTCH1 A683T variant undergoes S1 cleavage at reduced levels. Results are expressed as the percent of total protein found in the p180 band. Error bars represent the standard deviation from the mean of at least four experiments.
ÃÃ indicates P , 0.01 by ANOVA followed by Dunnett's post hoc.
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S1 cleavage of the A683T variant. These findings are typical of developmentally important genes, where gain-of-function mutations are associated with cancers and loss-of-function mutations cause congenital defects. This alteration in processing may change the cellular localization of the receptor, or may simply reduce the amount of S1 cleaved heterodimeric NOTCH1 available for ligand-induced signaling. This may be similar in some respects to mutations identified in Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL), in which mutations in the NOTCH3 receptor have been variously reported to affect NOTCH3 signaling, protein processing and cellular localization (27 -29) . Further experimentation will be required to assess the functional implications of the LVOT-associated NOTCH1 mutants identified here. The mechanism(s) by which NOTCH1 mutations and the subsequent presumed reduction of NOTCH1 signaling promote LVOT defects remains unclear. Notch signaling has been proposed to play multiple functions during cardiac development, including cardiomyocyte differentiation, valve formation and outflow tract remodeling (30) . In mice, Notch1 activation promotes epithelial to mesenchymal transisition (EMT) during valve development through the activation of Snail, and this may represent a developmental stage where NOTCH1 dosage is critically important (31) . Interestingly, some NOTCH1 mutations may play additional roles in cardiac disease. Garg et al. (12) showed that RUNX2 levels are repressed by Notch1, suggesting that the de-repression of RUNX2 may contribute to valve calcification in some BAV patients. None of our subjects showed evidence of aortic valve calcification, but all are young and may not have had time to develop calcification. It is not yet known whether the variants identified here could additionally contribute to calcification phenotypes.
The findings of an increased proportion of NOTCH1 variants among LVOT malformation cases, compared to controls, suggest that these mutations are indeed LVOT disease susceptibility alleles. This is further supported by the findings that two variants perturb ligand-induced signaling. Clearly, as LVOT-associated variants are found in unaffected parents of our patients, the NOTCH1 mutations with their relatively subtle effects on signaling are not sufficient in and of themselves to perturb cardiac development. The variants presumably act in concert with genetic background, other specific gene mutations and/or developmental insults in order to cause phenotypes. The presence of a mutation in a normal parent, indicating reduced penetrance, is typical of many complex genetic diseases. This requirement for additional genetic or environmental causes may also partially explain why no cardiac defects have been reported in Notch1 þ/2 mice, while NOTCH1 haploinsufficiency has been suggested as a cause of familial BAV.
In summary, we note for the first time a common molecular mechanism for AVS, BAV, COA and HLHS. This substantiates the observations from familial studies demonstrating a higher concordance for these LVOT defects in families with multiple individuals affected with a CVM. Notch signaling is involved in endothelial -mesenchymal transformation in the ventricular chamber (32) , atrioventricular valves (31) and vasculature (33) . We hypothesize that altered Notch1 signaling affecting this transformation is the unifying event in the pathogenesis of the LVOT disorders. Future studies will focus effort on candidate genes important in endothelial -mesenchymal transformation and on further defining the functional mechanisms of these NOTCH1 mutations.
MATERIALS AND METHODS
Study subjects
We collected a cohort of 91 unrelated European American subjects with LVOT malformations, diagnosed by echocardiography, cardiac catheterization and/or surgical observation. All subjects were enrolled after informed consent, per an IRB-approved protocol. Both parents of the subjects were also enrolled. The case anatomic lesions included AVS (n ¼ 24), AVS with BAV (n ¼ 13), BAV alone (n ¼ 5), COA (n ¼ 24), COA with BAV (n ¼ 9), COA with AVS (n ¼ 2) and HLHS (n ¼ 14). All subjects had isolated non-syndromic heart defects. None of the subjects' parents had a congenital heart defect. Echocardiography data were available on a limited number of parents (n ¼ 50). All parental echocardiography examinations were normal. Blood samples were collected, and peripheral lymphocytes were transformed by EBV into lymphoblastoid cell lines. Genomic DNA was extracted using the PureGene kit (Gentra Systems). Controls consisted of 216 race and ethnically matched samples.
Mutation screening
Cases and controls were screened for mutations in the entire NOTCH1 gene by denaturing high performance liquid chromatography (dHPLC). Exons and flanking introns were amplified by PCR using primers designed with Primer Express software (Applied Biosystems, Inc). Melt curves were generated with the Navigator software and dHPLC was performed on a WAVE MD system (Transgenomic, Inc). PCR primers and melt temperatures are available on request.
Amplicons with chromatograms that differed from controls were sequenced bidirectionally by the dideoxy method using Big Dye Terminator v3.1 chemistry (Applied Biosystems) and run on an ABI 3730 sequencer to ascertain the presence and location of any mutation.
Numbering of basepairs and amino acids was based on the reference sequence NM_017617.3 [gi:148833507] from the NCBI, with the first basepair of the transcript being the 'A' nucleotide of the ATG start codon.
Mutagenesis of NOTCH1
Four mutations were examined (G661S, A683T, R1279H and A1343V). Equivalent mutations were introduced into a rat Notch1 expression vector (34) , by overlap extension PCR with nucleotide changes incorporated into PCR primers. Each mutagenic primer was used in a PCR reaction with a primer flanking the region of interest. The resulting products were used as templates in a second round of PCR using only the flanking primers, creating a PCR product with the desired mutation (primer sequences are found in Table 2 ). Mutated PCR products were TA cloned into pCRII-Topo
(Invitrogen) and sequenced before conventional restriction digest and ligation were used to incorporate the mutated fragment into the rat Notch1 expression vector. Final constructs were confirmed by sequencing. For western blot analysis, mutations were similarly introduced into an N-terminally HA-tagged Notch1 expression allele (35) .
NOTCH1 signaling assay
The activity of mutant Notch1 receptors was assessed utilizing previously described signaling assays (34, 36) . As in reference (34), NIH3T3 cells were employed as the signal receiving cells. NIH3T3 cells were maintained in DMEMþ10% FCS. Control and Jagged1 Ltk-mouse fibroblasts (L-cells) (36) were obtained from Gerry Weinmaster and maintained in DMEMþ10% FBS. 4 Â 10 4 NIH 3T3 cells were plated in 24 well plates and transfected using Lipofectamine 2000 (Invitrogen) with 100 ng NOTCH1 expression vector (encoding wild-type or mutant NOTCH1) or control pEFBOS vector, 200 ng CBF1 responsive luciferase reporter (17) and 10 ng pSV Renilla as a transfection control. Total DNA concentration was brought to 1 mg with pcDNA3. Sixteen hours after, transfection cells were overlain with 1.24 Â 10 6 control or JAGGED1-expressing L-cells, or fresh media as a control. After 24 h, cells were lysed and luciferase and Renilla levels were assayed using the dual luciferase kit (Promega). Luciferase values were normalized to Renilla expression to control for transfection variability. Notchresponsive activation of the luciferase reporter is expressed as a ratio of normalized luciferase values from coculture with JAGGED1-expressing cells to normalized luciferase values from coculture with control L-cells, with wild-type activation set to 100%. Notch1 pathway signaling activity between wild-type and each mutant was compared by ANOVA followed by Dunnett's post hoc tests.
Western blot analysis 2.5 Â 10 6 cells were transfected with NOTCH1 expression vectors in six well plates. After 24 h, cells were lysed in 500 ml RIPA buffer containing protease inhibitors. Samples were run on a 6% SDS -PAGE gel, transferred to nitrocellulose, and NOTCH1 protein was detected with mouse anti-HA antibody (HA-7, 1:1000, Sigma-Aldrich). Alexafluor anti-mouse 680 secondary antibody was used for detection (1:20 000, Invitrogen) and band intensity was quantified using Li-Cor Odyssey2.1 software. Blots were re-probed using a monoclonal anti-tubulin antibody (1:1000, Sigma) as a loading control. p300 and p180 bands were quantified, and the percent total protein cleaved was calculated as p180/(p180 þ p300). Each experiment was performed at least four times, and statistical analysis was performed (one way ANOVA, Dunnett's post hoc). 
